INTRODUCTION
Aquatic birds are the primary reservoir of type A influenza viruses. These avian influenza viruses (AIV) are classified into subtypes based on antigenic differences in their surface glycoproteins (haemagglutinin, HA; and neuraminidase, NA). So far, sixteen haemagglutinin (H1-H16) and nine neuraminidase (N1-N9) subtypes have been reported (Alexander, 2000; Fouchier et al., 2007) . The AIV genome is segmented into eight negative strands, permitting the occurrence of reassortment events. Each segment contains either one gene (PB2, PA, HA, NP, NA) or two genes (PB1/ PB1-F2, M1/M2, NS1/NS2) (Chen et al., 2001) . Two main lineages (American and Eurasian) have evolved independently, due to limited contacts between birds from the old and new continents (Ito et al., 1995; Kawaoka et al., 1988; Lin et al., 1994; Okazaki et al., 2000; Webster et al., 1992) . Exchanges of AIV genes between these two lineages are, in consequence, very rare (Krauss et al., 2007) . Avian influenza viruses can evolve genetically via mutations (substitutions, insertions, deletions) and reassortments (Domingo et al., 2001; Webster et al., 1992) . Mutations are due to mistakes generated by the polymerase complex during replication. Some insertions, such as the addition of polybasic amino acids at the cleavage site of H5 or H7 lowpathogenic (LP) AIV, allow the virus to become highly pathogenic (De Marco et al., 2005; Donatelli et al., 2001 ). This mechanism was reported for Italian H5N2 in 1997, for Italian H7N1 in 1999, for Dutch H7N7 in 2003, for South African H5N2 and for the current 'Asian' H5N1. Deletions in the neuraminidase have been observed as an adaptation of AIV to terrestrial poultry (Matrosovich et al., 1999) . A further evolutionary phenomenon of AIV is its capacity to undergo reassortment. Co-infection of the same cell of a given host by at least two different viruses can result in mixed segments from both parental viruses. This phenomenon has given rise to pandemic viruses (Chen et al., 2009; Kawaoka et al., 1989) . Poultry infection with H5 or H7 LPAIV can be asymptomatic or produce a wide range of signs, varying from mild respiratory disorders to more severe disease in the case of aggravating circumstances such as concomitant infection with other pathogens (Alexander, 2000) . Because these viruses can become highly pathogenic, the presence of H5 or H7 LPAIV in poultry is notifiable and therefore regulated (European Commission, 2006) . In order to further our understanding of AIV evolution and the consequences of new mutations, LPAIV H5 and LPAIV H7 from both wild and domestic birds need to be monitored and characterized. Although the characteristics of asian H5 LPAIV have been previously described , the genetic characteristics of H5 LPAIV from European domestic ducks have been little documented, even though serological surveys have shown these species (Pekin, Muscovy and the mule hybrid) to be frequently infected by H5 viruses in Europe (Hesterberg et al., 2008) . Some characteristics, based on partial sequencing and antigenic study of four H5 LPAIV from domestic ducks, have already been reported (Cherbonnel et al., 2007) . We have taken this study further by analysing 10 whole genomes of the H5 subtype of LPAIV isolated in France from decoy ducks (two isolates), commercial ducks (seven isolates), and chickens (one isolate) for 7 years, between 2002 and 2008. Our aim was (i) to determine the relationships between each RNA segment and its counterpart from earlier Eurasian isolates, (ii) to assess the range of genotype diversity, (iii) to determine whether specific gene combinations might be favoured, and (iv) to identify the particular molecular traits associated with each segment.
RESULTS
All H5 LPAIV described in this study (Table 1) were isolated as described in Methods and their intravenous pathogenicity index (IVPI) was determined. This resulted in minimal values of 0.0 for all of them, which confirmed their low pathogenicity, in agreement with the motifs of their HA cleavage site exhibiting no multiple basic amino acids such as K and R (Table 2) .
Phylogenetic analysis
All sequences, irrespective of the segment, belonged to the avian Eurasian lineage. The origin of each segment of the 10 French AIV is described in detail in Table 3 . For each gene segment the percentages of nucleotide identities between French isolates are given in Table 4 . The maximum identity was ¢99 % for all genes except N1 and N2 (94.8 % and 91.7 %, respectively) . Symmetrically, the minimum identity ranged between 89.5 % and 95.1 %, except for NS sequences (62 %), owing to the presence of alleles A and B.
Phylogenetic analysis of the PB2 gene (see Supplementary  Fig. S1a , available in JGV Online) showed that 9 of the 10 French AIV were closely related to the H7N1 highpathogenicity (HP) AIV and LPAIV isolated in Italy during the outbreaks that occurred in 1999 and 2000. The only French strain that did not belong to this group was 03426, in which the PB2 gene clustered with the Italian H5N2 HPAIV isolated during the 1997 outbreak.
The PB1 gene of the French AIV exhibited greater diversity, since three clusters were identified (Fig. 1a) Phylogenetic analysis of the French H5 sequences revealed the existence of four subgroups (Fig. 1b) . The first gathered 7 out of 10 H5 genes belonging to the French viruses isolated from ducks since 2006. These were closely related to A/duck/ Denmark/65047/04 LPAIV (H5N2). The second subgroup contained two French viruses (05066b and 03426), a contemporary Italian isolate A/turkey/Italy/1258/05 LPAIV (H5N2) and A/duck/Mongolia/54/01 LPAIV (H5N2). According to current HA phylogeny, the gene from 02166 did not belong to any of the previous subgroups, but according to the arbitrary cut-off conditions (explained in Methods), formed a group with a single French virus A/ duck/France/05056a/2005 H5N2 (Cherbonnel et al., 2007) .
For the NP segment ( Supplementary Fig. S1c ), three sublineages were identified in the French strains. The first group contained 06964, 061054, 070090b, 080036 and For the NS gene, two major groups were apparent ( Fig. 1c) , corresponding to the A and B alleles, as already described (Scholtissek & von Hoyningen-Huene, 1980; Treanor et al., 1989) .
Reassortment
The original reassortment events that resulted in the French viruses were determined from a diagrammatic representation of the genotypes (Fig. 2) . Only three French H5N3 viruses (06964, 061054 and 070090b) displayed the same genotype. No French genotype was identical to the Eurasian reference viruses selected for this study although a few of their genes were very closely related to French viruses. Each French virus often had several segments of different origin. For example, 06436 and 080032 were composed of at least six genes from different subgroups (Table 3) . Each gene from the French and reference Eurasian viruses (within the limit of the viruses studied) appeared, at first sight, to show a random distribution, as already observed for AIV (Campitelli et al., 2008) . When only the French strains were considered, and except for the H5N2 isolated from chicken, they all contained a PB2 Table 2 . 
Detailed molecular characterizations
The prominent genomic features are reported in Table 2 . No French NA sequences showed an NA stalk deletion except strain 03426, which had a deletion of 19 aa. Although the neuraminidase of this isolate was closely related to the Italian H5N2 1997 isolates (95 % identity), only one of these (A/poultry/Italy/392/97) had a similar NA deletion to that of the French N2.
Four French H5 AIV isolates had a PQRETR/GLF cleavagesite motif on the HA gene, five had PQKETR/GLF, and one [070090b (H5N3)] had PQKEAR/GLF. Several amino acids reported to be involved in H5N1 HPAIV pathogenicity in mice (Jiao et al., 2008) or to have a role in host specificity (Shaw et al., 2002) were also observed in all eight segments of the French AIV isolates. Thus a valine residue was present at position 28 of the M2 protein from 05066b and a serine residue at position 42 of the NS1 protein from six French H5 strains. None of the isolates had mutations at position 627 of PB2, allowing enhanced replication in mammalian cells (Hatta et al., 2001; Shinya et al., 2004) , or position 701, which has been associated with increased pathogenicity in mice . Moreover, on M2 and NA, no mutation conferring amantadane or oseltamivir resistance (Abed et al., 2006; Scholtissek et al., 1998) was present, except V27I in the M2 protein from 06436, which could confer amantadane resistance (Hayden, 2006) ( Table 2) . One atypical molecular particularity was the presence of a highly truncated PB1-F2 in the 03426 strain, which is new for AIV (Table 5 ). This PB1-F2 was only 11 aa long, whereas it is usually more than 78 aa long in the avian lineage, the lowest reported length being 18 aa (Zell et al., 2007) . In addition, there was an insertion of a glutamine residue at the C-terminus of the PB1 protein in 02166, 080032 and 080036. This particularity has been observed at low frequency in all the Eurasian AIV (16.25 %; 160/985). Finally, the most atypical molecular characteristic was probably the addition of 8 aa at the C-terminus of the 05066b NS1 protein.
DISCUSSION
Full sequencing and specific sequence analysis of 10 French H5 LPAIV genomes, obtained from virus strains isolated between 2002 and 2008, allowed the identification of genetic reassortment events and particular genetic traits. To our knowledge, this is the first detailed study of H5 LPAIV from European domestic ducks. Several approaches have been described for genotyping and investigating the reassortment phenomenon in influenza virus. However, some previous studies produced different subgroups for each segment without synthesizing data to consider the constellation of the eight genes for each strain (Campitelli et al., 2008; Hatchette et al., 2004) . Such an approach could not be used to identify combinations between segments as each segment was treated independently. Only a few authors (Cheung et al., 2007; Duan et al., 2007; Xu et al., 2007) have defined prototype viruses as gene donors to identify different genotypes. However, these authors used a group of strains, referred to under the generic term 'virus strain from aquatic bird' or 'H9N2', but not individual strains, to describe their prototype viruses. Their approach may hide reassortment events between 'aquatic bird' and other subgroups. Although our method was derived from the latter, we identified unique viruses as Eurasian prototype viruses.
We thus defined 11 prototype viruses after choosing the closest viruses to the French H5 LPAIV, which possessed at least two genes in common with the French viruses. In addition, the prototype viruses selected had been isolated before or in the same year as the French viruses.
Using this approach, we identified at least two sublineages for each influenza virus segment, except M. (Campitelli et al., 2008; Macken et al., 2006) . This phenomenon has been shown to allow the emergence of new viruses which can then spread more efficiently (Hatchette et al., 2004) . Gene reassortment has been reported to occur at random (Campitelli et al., 2008; Hatchette et al., 2004) . However, although only a small number of French H5 LPAIV were involved in this study, we observed a major lineage for the PB2 and PA genes. This could be due to an adaptation to the duck host. In fact, strain 03426 isolated from chicken was the only virus not to exhibit the two genes from the major lineage. This may support the concept that, once the virus has been transmitted to a new host, mutation of the polymerase complex is critical to its adaptation to the new environment (Gabriel et al., 2005) .
The deletion of 19 aa observed in the NA of 03426 was previously reported by Cherbonnel et al. (2007) and is typical of an adaptation of viruses to terrestrial poultry (Matrosovich et al., 1999) . This NA was closely related to that of the Italian strains isolated in 1997, and these NAs clustered in a single group, based on a significant bootstrap value (99 %), which suggests that they had a common ancestor with a non-deleted N2. However, the deletion in NA 03426 was slightly different from that of the only Italian strain that exhibited a deletion [A/turkey/Italy/392/ 97 (H5N2)]. The Italian N2 deletion was 20 aa long (amino acids 63-82) whereas the French N2 deletion was 19 aa long (amino acids 63-81), suggesting that these two deletions appeared independently.
The HA cleavage motifs identified on the French isolates correspond to viruses of low pathogenicity, as confirmed by the IVPI value (Table 2) . One French virus (070090b) that had a specific cleavage site not yet described in the 2440 H5 amino acid sequences currently available in the databases (NCBI Influenza Resource) was also characterized.
Influenza virus non-structural protein 1 (NS1) is a virulence factor that inhibits the induction and/or production of interferon. Four residues located in the C-terminal domain of the NS1 protein (between amino acids 227 and 230) were also shown to constitute a potential PDZ domain ligand. PDZ domains are protein-protein recognition modules that organize diverse cell-signalling assemblies. They specifically recognize short C-terminal peptide motifs of 4-5 aa. Proteins containing PDZ domains play important roles in the transport, localization and assembly of supramolecular signalling complexes, organizing cell polarity, receptors and downstream effectors (Hale et al., 2008) . Thus, truncation or modification of NS1 in this domain could have a role in pathogenicity. The implication of a deletion in the C-terminal domain of this protein has been described by Dundon et al. (2006) , who noted that H7N1 HPAIV have a full-length NS1 protein of 224 aa, whereas the NS1 protein of H7N1 LPAIV is 230 aa (nontruncated) or 220 aa long (truncated). To our knowledge, the addition of amino acids has seldom been described (11 AIV) in avian viruses possessing the A allele but never in those with the B allele as for the NS1 of 05066b. These extensions were also present in the human lineage and could play a role in nuclear and nucleolar localization signalling (Melen et al., 2007) . This particularity of the NS1 of 05066b H5N1 LPAIV does not modify the apparent pathogenicity of this virus for mule ducks and chickens (IVPI value50) , as demonstrated by the absence of clinical signs and macroscopic lesions following experimental infection in our laboratory. However, neither microscopic study of organs nor transcriptomic analyses were carried out. The virus would have to be compared by reverse genetics with the same virus without the NS1 insertion to analyse the real impact of this mutation.
The domain of PB1-F2 contains the mitochondrial signal and can trigger apoptosis (Zell et al., 2007) . Recent comparisons of avian with human influenza viruses revealed that many species-associated linked amino acid signatures are also located in the C-terminal domain of PB1-F2 (Zell et al., 2007) . This demonstrates the importance of further investigating the role of PB1-F2 in interspecies infection. The truncated PB1-F2 of H5N2 03426 may have a role in adaptation to this new host. Similarly, a shorter length of PB1-F2 (11 aa instead of 90 aa) has been identified in classical swine influenza viruses (Zell et al., 2007) .
It is now important to investigate the implications of these various molecular characteristics of French AIV, particularly in terms of pathogenicity and contagiousness. A reversegenetics approach is currently being applied in our laboratory, together with in vivo experiments in highcontainment facilities. In addition, it would be interesting to fully sequence more European AIV (H5 and non-H5) and identify the phylogenetic relationships between the different subtypes isolated. The genotypes and gene origins of other Eurasian viruses also need to be analysed in order to determine the extent to which viruses have similar or unique features, and also to identify all the major subgroups, not only those containing the French H5 LPAIV.
METHODS
Viruses. Ten French H5 LPAIV (five H5N3, three H5N2 and two H5N1), collected between 2002 and 2008 from chickens or from wild or domestic ducks, were characterized (Table 1) . Four of these H5 F.-X. Briand and others viruses had already been isolated and subjected to preliminary characterization. The others were isolated and identified using the same methods. Briefly, eluates of cloacal, tracheal or oropharyngeal swab samples were inoculated into 9-day-old specific-pathogen-free (SPF) embryonated chicken eggs by the allantoic route. The eggs were incubated at 37 uC for up to 5 days (with a second passage if necessary) until embryonic death. The allantoic fluid was then harvested and tested for haemagglutination activity. The AIV was identified using reference sera (OIE Manual: World Organization for Animal Health, 2008) and RT-PCR/sequencing (see below). The intravenous pathogenicity index (IVPI) was determined as follows.
Fresh allantoic fluid with a HA titre .1/16 was diluted in sterile isotonic saline buffer. This diluted virus was injected intravenously (0.1 ml) into 6-week-old SPF chickens, and birds were examined at 24 h intervals for 10 days. This standard procedure is explained in the OIE Manual (World Organization for Animal Health, 2008).
RT-PCR and sequencing. Genomic influenza virus RNA was extracted from 200 ml allantoic fluid, using the QIAamp viral RNeasy Mini kit (Qiagen). RNAs were reverse transcribed using Superscript II (Invitrogen) and hexanucleotides or a specific universal primer hybridization (complementary to a part shared by all virus segments). cDNAs were subjected to full-length amplification using specific primers for each of the eight genes and High Fidelity Platinum Taq DNA polymerase (Invitrogen). The full genes of PB2, PB1 and PA were obtained by two overlapping PCRs as described by Li et al. (2007) . The other primers were defined in the laboratory (primers available upon request). The DNA sequences were determined by sequencing, in both senses, using a Big Dye Terminator v3.1 (Applied Biosystems) cycle sequencing kit according to the manufacturer's instructions. Thereafter, multiple DNA sequences were aligned using CLUSTAL_W 1.83. Each unique molecular characteristic was confirmed by sequencing of a second PCR product. The names of these isolates have been shortened in this paper. They are designated 02166, 03426, 05057b, 05066b, 06436, 06964, 061054, 070090b, 080032 and 080036, respectively (Table 1 ). The additional virus sequences, with respect to Cherbonnel et al. (2007) , have been deposited at GenBank under the accession numbers CY046117 to CY046186.
Phylogeny and genotyping. Phylogenetic analyses were inferred using MEGA3.1 (Kumar et al., 2004) for the neighbour-joining analyses and confirmed by PhyML for the maximum-likelihood analyses. An initial phylogenetic analysis, using a selection of approximately 50 human, 20 swine, 3 equine and 120 avian sequences from the American and Eurasian lineages, was done to determine the membership of each gene. A more accurate phylogenetic analysis, involving about 250 Eurasian lineage complete avian sequences, was then performed for each influenza virus segment. These sequences were obtained from the representative subtypes and locations that were available in the databases. Only a few H5N1 HPAIV and Asian H9N2 were selected due to their over-representation. All sites from any sequence with reported gaps were also excluded. The next step was to determine the genetic subgroup to which each French LPAIV gene was related. For this purpose, the most accurate prototype viruses were looked for by blasting each segment from all 10 French H5 LPAIV of this study against the NCBI Influenza Resource. The candidate prototype strains were selected as exhibiting the highest evalues for at least two genes from a given French H5 LPAIV. Finally, the prototype strain was selected from among the previous candidate prototype strains that were completely sequenced. Subgroups were determined for each of the eight genes. A subgroup was validated if the bootstrap value was greater than 75 % and confirmed by P-values test (P.0.01) with PhyML. At least one French virus or prototype virus was present in each subgroup identified. For clarity, in the phylogenetic trees obtained for the PB1 and H5 and NS genes in Fig.  1(a) , (b) and (c) respectively, only that part of the tree containing the French strains studied is shown.
Reassortment between the studied and prototype viruses was visualized by attributing a single colour to each prototype. When several prototype viruses clustered in the same subgroup, the oldest one selected was taken as reference. The 11 (Fig. 2) corresponds to that of the original virus lineage.
Molecular characterization. The deduced amino acid sequences of each gene were obtained using MEGA3.1 software. In addition, the lengths of the French AIV PB1 and PB1-F2 proteins were compared with those of the proteins currently available in the influenza virus database (NCBI Influenza Resource).
